INTRODUCTION
Low power arcjet thrusters are currently being considered for use as auxiliary propulsion devices for geosynchronous communications satellites. A near-term application for the arcjet would be North-South station keeping of these satellites. For this application the arcjet would provide significant propellant savings when compared to monopropellant hydrazine or reslstojet thrusters due to its higher specific Impulse (ref. 1 ). Hydrazine will probably be the near-term propellant of choice for compatibility with existing spacequalified propellant systems (refs. 2 and 3). In those systems hydrazine is stored as a liquid and is decomposed tnto hydrogen, nitrogen, and ammonia by a hydrazine catalyst bed gas generator. Although a recent study (ref. 4) has helped to quantify the gas cornposition exiting commercial gas generators, the exact amounts of hydrogen, nitrogen, and a m o n l a are not known, especially over the lifetime of the catalyst bed. Therefore, a study was conducted to determine the effect of gas composition as well as ambient pressure on arcjet operation. Also, the arcjet was tested in different facilities to determine the validity of experiments in small test facilities.
Low power arcjet operation on hydrogenhitrogen mixtures has been reported previously (refs. 5 and 6). The experiments reported in each of these studies were performed with a ballasted power supply and an arcjet designed to provide weak vortex stabilization. In the first study, severe erosion was observed at the onset of testing and large mode changes were seen throughout the test. In the second study, mode changes were not observed but small voltage excursions and significant startup erosion were noted. In more recent tests a power supply designed t o provide fast current regulation and a high voltage pulsed starting circuit (ref. 7) has been used in combination with an arcjet which incorporated strong vortex stabilization (ref. 8) t o produce stable operation with nonerosive starting (refs. 9 and 10). For the tests described in this study a similar power supply/arcjet combination was used.
In addition to tests with hydrogen/nitrogen mixtures, tests with hydrazine
The ammonia arcjet was a 1-kW class arcjet similar t o According (ref. 1 1 ) and ammonia (refs. 12 and 13) propellants have been performed at other laboratories. The hydrazine arcjet produced specific impulse values over 500 sec at 1.4 kW. the thruster described in reference 5. This thruster operated at 920 W input power and 550 sec specific impulse. However, the thruster efficiency was quite low at 8 percent and severe erosion of the electrodes was observed. to this study, this arcjet had an expected lifetime of less than 2 hr with ammonia. However, vortex-stabilized arcjets were tested with hydrogen/nitrogen mixtures (ref. 14) and hydrogen (refs. 15 and 16) for over 100 hr without serious detriment to the thrusters. Therefore, it was believed that the arcjet could operate with a m o n i a and an additional study with ammonia was deemed necessary.
In the present study thrust and voltage measurements were taken as a function o f current for various flow rates of hydrogen/nitrogen gas mixtures simulating ammonia and hydrazine. Also, the volt-ampere (V-I) characteristics of an arcjet were determined using ammonia and hydrogen/nitrogen/amonia gas mixtures. In additlon, the effects of background pressure and facilities on the volt-ampere characteristics were examined.
APPARATUS
Tests were performed in two facilities. The first facility provided the low background pressures necessary for accurate thrust measurements of a hydrogen/nitrogen arcjet. This facility was a 1.5 m diameter by 5 m long chamber with four 0.82 m diameter oil diffusion pumps and a rotary blower with a mechanical roughing pump (ref. 5). Each diffusion pump had a rated capacity of 15 000 liters/min (-310 g/sec) at 10-4 torr (0.0133 Pa). The actual pumping performance was found to be typically 2.1~10-4 torr (0.0279 Pa) at a flow rate of 0.034 g/sec and 3.5~10-4 torr (0.0466 Pa) at 0.043 g/sec. This facility could also be operated without diffusion pumps, using only the blower and roughing pump. In this case pumping performance was found to be 0.23 torr (30.6 Pa) at 0.048 g/sec. Testing was performed in a 0.92 m diameter by 0.92 m long port extenslon at one end of the facility. Use of this port allowed unobstructed access to the main facility during operation as well as port isolation for thruster changes through the use of a 0.92 m gate valve.
In this facility an eight channel strip chart recorder with a frequency response capability of 150 Hz was used to record arc voltage and current readings, thrust measurements, propellant flow rates, and propellant line pressure.
A digital multimeter was also used to provide a redundant voltage measurement. The voltage reading was taken across the cathode and anode feed-throughs on the outside of the test port. The current was measured using a'Hall-effect current probe. The output from this probe was sent to both a 50 MHr oscilloscope and t h e recorder. t e s t p o r t and t h e recorder t o prevent cross-channel n o i s e problems. T h r u s t measurements were performed using a displacement-type t h r u s t stand ( r e f . 9). Two d i g i t a l f l o w meters i n c o r p o r a t i n g thermal c o n d u c t i v i t y sensors were used t o measure hydrogen and n i t r o g e n gas f l o w i n t h i s f a c i l i t y . n i t r o g e n p r o p e l l a n t s were mixed i n the p r o p e l l a n t i n l e t l i n e b e f o r e reaching t h e a r c j e t .
An i s o l a t i o n a m p l i f i e r was used i n t h e v o l t a g e l i n e between t h e Hydrogen and
A pulse-width modulated power supply ( r e f . 7) was used t o p r o v i d e power t o t h e a r c j e t i n a l l t e s t s . This power supply provided up t o 130 V a t up t o 12 A. Also, t h i s power supply was equipped with a h i g h v o l t a g e s t a r t i n g p u l s e gene r a t o r , which provided a 4 kV p u l s e once every second u n t i l a r c c u r r e n t was sensed. The same c h a r t recorder was used t o record voltage, c u r r e n t , a r c j e t chamber pressure, and p r o p e l l a n t f l o w r a t e s a t t h e b e l l j a r f a c i l i t y . As i n t h e l a r g e r f a c i l i t y , redundant measurements o f voltage and c u r r e n t were obtained w i t h an m u l t i m e t e r and a oscilloscope, r e s p e c t i v e l y . Also, t h e a r c j e t p r o p e l l a n t l i n e pressure was obtained by a pressure transducer l o c a t e d i n t h e p r o p e l l a n t i n l e t l i n e upstream o f t h e a r c j e t . j a r f a c i l i t y . mass f l o w c o n t r o l l e r s . These c o n t r o l l e r s had a 0 t o 10 l i t e r / m i n range and were operated i n d i v i d u a l l y by a m u l t i p l e channel power supply. This supply was a l s o equipped w i t h a 0 t o 5 Vdc output f o r each channel f o r i n p u t t o t h e c h a r t recorder. A l l gases were stored separately and mixed i n t h e p r o p e l l a n t feed l i n e t o t h e a r c j e t . To provide the vortex flow pattern used to stabilize arcjet operation, a stainless steel gas injection disk with graphite foil gaskets on either side was inserted into the housing to seat against the insert on one side. insert is also called out in the figure. The two tangential injection holes In the disk were nominally 0.30 mm (0.012 in.) in diameter. were machined on both of the disk faces. These ridges compressed the graphite foil to provide a gas-tight seal when the entire unit was assembled. diately upstream of this disk was the front insulator. This was made of boron nitride and had both a centered hole for the cathode and grooves milled on its exterior surface to allow gas passage. A larger bore was used in the rear (upstream) of this insulator to accommodate an aluminum oxide tube, to be discussed below.
This

Raised ridges I m e -
The cathode was made from 2 percent thoriated tungsten rod, 3.2 mn in diameter and approximately 190 mm in length. The tip was originally ground to a 30" half angle and then polished to remove any rough edges. A stainless steel cathode holder was used to feed the cathode through the rear insulator. A commercial gas fitting on the end, exterior to the insulator, locked the cathode in place once the arc gap was set. The opposite end of the holder was tapped and a mating bolt, drilled out to allow the cathode to pass through it, was inserted into the rear insulator to secure the holder in place. The aforementioned ceramic tube extended nearly to this bolt. Over the ceramic sleeve, from back to front in the design, were a boron nitride cylinder to cover the remainder of the face of the holding bolt, a stainless steel anchor for the propellant tube, an inconel spring, and a final boron nitride Insulator. When completely assembled the spring was compressed, forcing the front insulator forward to form the gas-tight seals around the injection disk.
The propellant entered the arcjet through the side of the rear insulator. The propellant inlet tube was threaded on the end to match a tapped hole In the afore-mentioned anchor. The exterior surface of the boron nitride was flattened around the tube entrance. A support piece and flat washer were soldered to the propellant tube and a gas tight seal was made when the a graphite foil gasket was placed behind this and the insulator.
The cathode was connected to the power supply by a brass fitting that pressed onto the end of the cathode extended from the arcjet (not shown in figure) and the anode lead was connected to one of the clamping bolts used to hold the unit together. The arc gap was set by moving the cathode forward until it contacted the anode, measuring the entire unit, withdrawing the cathode the desired distance, and then tightening the fitting. The gap set to begin the tests described herein was 0.64 mm (0.025 in.).
The arcjet is shown mounted in the bell jar facility in figure 3.
PROCEDURE
The procedures used for the diffusion pump facility and the bell jar facility were similar. Initially, In the diffusion pump facility, the cooling water for the thrust stand and the electronics were turned on and allowed t o equilibrate. The thrust stand was calibrated before and after each run by use of weights suspended on a monofilament wire attached to a windlass. Following calibration a cold flow thrust measurement was taken of each of the hydrogen/ nitrogen gas mixtures used in this facility. The cold flow specific impulse was c a l c u l a t e d and compared t o o t h e r runs t o i n s u r e no p r o p e l l a n t leaks existed. Cold gas a r c j e t pressures were a l s o recorded d u r i n g t h i s p e r i o d . 
The a r c j e t was s t a r t e d a t t h e gas f l o w r a t e s t o be used i n t h e run. I n t h e
This allowed t h e
The v o l t a g e readings were taken a t an i n i t i a l c u r r e n t value o f 10 A. From t h e v a r i a t i o n s i n t h e readout devices t h e u n c e r t a i n t y i n t h e v o l t a g e measurements were estimated t o be f l V. S i m i l a r l y , t h e u n c e r t a i n t y i n t h e c u r r e n t was e s t imated a t 20.2 A. The t o t a l u n c e r t a i n t y was approximately f 2 V. 
r a t e t y p i c a l a r c j e t behavior seen throughout the t e s t s on a l l t h e p r o p e l l a n t m i x t u r e s examined. I n a l l t e s t s t h e v o l t a g e l e v e l was seen t o decrease w i t h i n c r e a s i n g current l e v e l s . I n t h e c u r r e n t range used i n these t e s t s , h i g h e r c u r r e n t s l e a d t o h o t t e r , and thus more e l e c t r i c a l l y conductive, a r c cores which a r e r e s p o n s i b l e f o r t h e voltage decrease ( r e f . 18). Increased c u r r e n t a l s o l e d t o increased a r c j e t body temperatures as evidenced by increased r a d i a t i o n from t h e t h r u s t e r . This was due mainly t o increased heat i n p u t t o t h e anode from several sources ( r e f . 8). O f these, t h e energy r e l a t e d t o t h e e l e c t r o n temperature, the anode f a l l , and t h e work f u n c t i o n o f t h e m a t e r i a l a r e a l l d i r e c t l y p r o p o r t i o n a l t o c u r r e n t , w h i l e energy i n p u t due t o r a d i a t i o n and conv e c t i o n increase t o some e x t e n t w i t h c u r r e n t ( r e f s . 19 and 20). The gas f l o w r a t e a l s o had an e f f e c t on t h e a r c voltage; as t h e f l o w r a t e increased t h e a r c v o l t a g e a l s o increased. increased t h e c o l l i s o n frequency o f a l l species i n t h e f l o w . This increased t h e r a t e a t which energy i s l o s t from t h e column and t h e recombination r a t e o f charge c a r r i e r s i n t h e arc. Thus, a h i g h e r v o l t a g e g r a d i e n t was r e q u i r e d t o s u s t a i n t h e a r c a t higher f l o w r a t e s . F i n a l l y , i t was observed t h a t , i n general, a t low gas f l o w r a t e s and low c u r r e n t l e v e l s t h e a r c o p e r a t i o n became somewhat e r r a t i c , w i t h some v o l t a g e excursions observed. A t h i g h f l o w r a t e s and h i g h c u r r e n t l e v e l s s i m i l a r v o l t a g e excursions were seen. t i o n s suggest a d e f i n i t e range o f operation, dependent on des gn, w i t h an a r c j e t . I n c r e a s i n g t h e f l o w r a t e increased t h e pressure, which
These observa-
Shown i n f i g u r e 8 i s a comparison of t h e V -I c h a r a c t e r i s t cs o f a r c j e t
The comparison shows t h a t a t s i m i l a r t e s t s w i t h 3 : l and 2:l hydrogen/nitrogen m i x t u r e s t o s i m u l a t e ammonia and hydrazine, r e s p e c t i v e l y . The volt-ampere c h a r a c t e r i s t i c s f o r t h e 3 : l hydrogen/ n i t r o g e n m i x t u r e a r e given i n t a b l e 11. mass f l o w r a t e s the 3:l m i x t u r e r a n approximately 10 v o l t s h i g h e r than t h e 2:l mixtures. f a c t t h a t hydrogen i s more e f f e c t i v e a t t r a n s f e r r i n g energy from t h e arc. This r e s u l t has been previously noted ( r e f . 6) and i s due t o t h e 
Thus, m i x t u r e s w i t h h i g h e r percentages o f hydrogen r e q u i r e l a r g e r v o l t a g e grad i e n t s t o s u s t a i n t h e a r c . pure ammonia (values given i n t a b l e 111) and a 3:l hydrogen/nitrogen m i x t u r e . A comparison o f t h e curves shows t h a t t h e pure ammonia and t h e
ranges o f t h e measurements. It should be noted t h a t t h e mass f l o w r a t e f o r t h e m i x t u r e w i t h 10 percent ammonia was i n a d v e r t e n t l y s e t t o a l e v e l about 2 percent below t h e o t h e r two t e s t s and t h a t t h i s would l e a d t o s l i g h t l y lower v o l t a g e measurements. The 50 percent hydrogen/50 percent n i t r o g e n m i x t u r e had a lower v o l t a g e than t h e 10 percent ammonia mixture, w i t h a maximum v o l t a g e d i f f e r e n c e o f about 5 V. From t h e trend i n d i c a t e d by t h e f i g u r e i t appears t h a t t h e a d d i t i o n o f ammonia t o an equimolar stream o f hydrogen and n i t r o g e n increased t h e voltage. This r e s u l t was c o n s i s t e n t w i t h t h e r e s u l t s discussed above. The ammonia d i s s o c i a t e s i n t o n i t r o g e n and hydrogen upon heating, producing h i g h e r hydrogen/nitrogen r a t i o s i n t h e gas stream. gen content increased t h e voltage, as discussed p r e v i o u s l y . Therefore, t h e r e s u l t s o f t h e hydrogen/nitrogen/amonla mixtures i n d i c a t e d t h a t t h e small amounts o f ammonia present i n t h e gas stream can have an e f f e c t on t h e a r c j e t o p e r a t i n g c h a r a c t e r i s t i c s .
For comparison between
This d i f f e r e n c e was j u s t o u t s i d e t h e u n c e r t a i n t y The increased hydro-F i g u r e 11 compares t h e V -I c h a r a c t e r i s t i c s f o r simulated hydrazine mixt u r e s . hydrogen/30 percent nitrogen/20 percent ammonla m i x t u r e ( g i v e n i n t a b l e V I I ) were approximately 7 V higher than those of t h e 2:l hydrogen/nitrogen m i x t u r e s a t t h e same f l o w r a t e . produced approximately t h e same V -I c h a r a c t e r i s t i c s , I t was expected t h a t t h e voltages o f t h e hydrazine cases would a l s o be t h e same. However, although t h e v o l t a g e d i f f e r e n c e s between t h e simulated hydrazine cases were s t a t i s t i c a l l y small, they were s i g n i f i c a n t . Because t h e exact n a t u r e o f t h e k i n e t i c s and thermal processes of t h e a r c j e t a r e not known, f u r t h e r study w i l l be r e q u i r e d t o determine t h e reasons behind t h i s voltage d i f f e r e n c e .
From t h e f i g u r e i t can be seen t h a t t h e voltages o f t h e 50 percent
Because t h e simulated ammonia and pure ammonia m i x t u r e s Finally, figures 1 2 and 13 show the arcjet V-I characteristics from tests both in the bell jar facility and in the diffusion pump facility (tables VI11 and I X ) . Figure 12 compares tests run with 3:l hydrogenhltrogen mixtures while figure 13 compares tests run with 2:l mixture ratios. the voltages differ by 3 to 5 V with the readings taken in the lower pressure environment being the higher of the two. This difference is only slightly outside the afore-mentioned range of uncertainty, and was originally thought to have been due to a slight shift in the position of the anode attachment zone.
For both mixtures
An additional test was performed in the diffusion pump facility t o determine the cause of the voltage difference. In this test the facility was run using only the roughing pump and blower, producing a ambient pressure of approximately 0.23 torr at normal hydrogenhitrogen flow rates. The comparison between the V -I characteristics in this test and those in the test at low ambient pressure (10-4 torr) is shown in figure 14. figure there was essentially no difference in voltage between the two tests. Thus, the small difference in voltages discussed previously was probably due to facility effects, such as a difference in the voltage drop at the connecting point of the current leads, and not due to a change in anode attachment. The voltage difference seen in the comparison between facilities would not, however, be expected t o have a significant impact on the performance or lifetime of the arcjet.
As can be seen by the
Performance
Typical performance data for the thruster used in these tests are shown in figure 15 . In the figure specific impulse (Isp) is plotted versus power-tomass flow rate for each of the five mass flow rates, two simulating the decomposition products of hydrazine and three simulating ammonia. In each test the mass flow rate was held constant and the power varied by adjusting the current between 7 and 12 A. With the exception of the lowest flow rate, all the curves display the same general trends with the specific impulse lowest at the lowest power-to-mass flow rate (lowest current level). At each point the specific impulse was greater than 400 sec and there was a variatlon of 40 to 80 sec Isp between the highest and lowest current level at each mass flow rate. As expected, the ammonia mixtures gave specific impulse levels approximately 10 sec higher than the hydrazine mixtures at a given power-to-mass flow rate. For both propellant mixtures the higher mass flow rates gave higher specific impulse levels at constant power-to-mass flow ratio. The anamoluus curve was obtained with the lowest mass flow rate, and the arcjet showed, at times, a considerable amount of instability at this level. Further investigation of the stable operating range of the arcjet is now in progress. figure 16 . From the figure it can be seen that the ratio of high background pressure specific impulse to low ambient pressure specific impulse was between 0.94 and 0.95 for the range of power-to-mass flow rate ratios. did not account for this difference in specific impulse. Although the performance differences between the two cases were small, the effect of ambient pressure on arcjet operation must be investigated further before conclusions can be drawn. ----- 
A comparison of the performance of the arcjet at high and low ambient pressures is shown In
